Background: The suppressed production of nitric oxide (NO), associated with endothelial dysfunction, is thought to be a cause of ischemia and reperfusion injury of the liver. But findings of the salutary effects of NO enhancement on such injury have been conflicting. In this study, we tested our hypothesis that NO enhancement would attenuate ischemic liver injury. For this purpose, an NO precursor, L-arginine, and a novel NO donor, FK409, were applied to a 2-hour total hepatic vascular exclusion model in dogs.
ican College of Surgeons) V Vasoconstriction or microcirculatory disturbance induced by superoxide-mediated endothelial cell dysfunction has been considered one of major causes of liver injury associated with ischemia and subsequent reperfusion. Preischemic or postischemic administration of antioxidants, prostanoid-modulating drugs, adenosine-regulating agents, and antiendothelin antibody, all of which act as vasodilators, has been shown to attenuate postischemic hepatic damage. [1] [2] [3] Nitric oxide (NO), an endotheliumderived relaxing factor with various beneficial biologic actions, is another therapeutic candidate that may protect the liver against the noxious insult. Findings of the salutary effects of NO on ischemia and reperfusion injury of the liver have been conflicting, however. Ma and associates 4 demonstrated detrimental results with NO augmentation, but Jaeschke and colleagues 5 and Wang and coworkers 6 observed no important improvements by the treatment. Although Shiraishi and colleagues 7 and Koeppel and associates 8 described beneficial properties of NO, their observations were confined to the effects on hepatic blood flow or liver enzyme release.
In the present study, we tested our hypothesis that NO enhancement would attenuate vascular dysfunction, lessen neutrophil-related tissue injury, and reduce ischemia and reperfusion injury of the liver.
For this purpose, we tested an NO precursor, L-arginine, and a novel NO donor, FK409,9 in dogs subjected to 2-hour total hepatic vascular exclusion. Therapeutic effects of the agents were determined by 
METHODS
The study was conducted with the approval of the Institutional Animal Care and Use Committee of Hokkaido University and the University of Pittsburgh, and was managed according to guidelines issued by the National Institutes of Health and the Public Health Service Policy on the humane use and care of laboratory animals.
Animals
After overnight fasting, adult female beagle dogs, weighing 8.0 to 12.0 kg, were anesthetized with an IV injection of thiopental sodium (Abbott Laboratories, North Chicago, IL), 25 mg/kg. They were then intubated, and anesthesia was maintained by positive mechanical ventilation with a gas mixture of isoflurane (1.0%), nitrous oxide (2 Llmin), and oxygen (2 Llmin). The right carotid artery and the right jugular vein were cannulated for monitoring arterial and central venous pressures. ECGs and esophageal temperature were monitored during the operation. An electrolyte solution (Plasmalyte; Baxter, Deerfield, IL) was infused continuously into the animals at a rate of 20 mLlkg/h throughout the procedure. Arterial blood gas and electrolytes levels were measured frequently and corrected if necessary by administration of sodium bicarbonate, calcium dichloride, and potassium chloride.
Operative Procedures
After midline laparotomy, the liver was completely skeletonized by dissecting all of the suspensory ligaments and the retrohepatic vena cava from the posterior abdominal wall. 1 During the total hepatic vascular exclusion, we used venovenous bypass to decompress the splanchnic venous beds and the infrahepatic IVe. The system was equipped with the centrifugal pump (Biomedicus 520D, Minetonka, MN) and Tygon tubings (Norton Industrial Plastics, Akron, OH) connecting the left femoral and the splenic and left jugular veins. The bypass flow was maintained at more than 50 mLlkg/min. Heparin sodium (Upjohn, Kalamazoo, MI), 50 U/kg, was administered IV 5 minutes before ischemia. Total hepatic vascular exclusion was achieved by crossclamping the portal vein, the hepatic artery, and the IVC both above and below the liver. The exclusion was continued for 2 hours, and then the liver was reperfused by removing the clamps. Immediatelyafter reperfusion, the bypass system was disconnected . and a splenectomy was performed. The animals were allowed to eat and drink the morning after the operation and were observed for 2 weeks. Cefamandole nafate, 1 g, was given intraoperatively, and administration was continued for 3 days postoperatively.
Experimental Groups Twenty dogs were randomly divided into three groups: group CT (n = 10), untreated control; group LA (n = 5), treated with L-arginine; and group FK (n = 5), treated with FK409. L-arginine (Sigma Chemical Co., St. Louis, MO) was dissolved in physiologic saline at a concentration of 50 mgl mL. The novel NO donor, FK409 (Fujisawa Pharmaceutical Co., Osaka, Japan), was also dissolved in physiologic saline at a concentration of 150 /Lg/mL. In group LA, L-arginine at a dose of 100 mg/kg was administered IV for 30 minutes before ischemia and for 60 minutes after ischemia, starting 5 minutes before reperfusion. In group FK, FK409 at a dose of 300 /Lg/kg was given continuously into the portal vein through a branch of the mesenteric veins for 30 minutes before ischemia and for 60 minutes after ischemia, beginning 5 minutes before reperfusion.
Determinations
The cytoprotective effects of the drugs were assessed by the following measures: 2-week animal survival, hepatic tissue blood flow (HTBF), liver enzyme release, serum total bile acid (TBA) and hyaluronic acid (HA) levels, tissue high-energy phosphate levels, and histopathologic findings. The influence of the drugs on systemic hemodynamic indices was evaluated by the mean arterial blood pressure (MAP), which was calculated according to the following equation: MAP = diastolic arterial pressure + (systolic arterial pressure -diastolic arterial pressure) X 1/3. The completeness of total hepatic vascular exclusion was confirmed by the indocyanine green (lCG) dye retention rate during ischemia. Briefly, ICG (CardioGreen; Becton Dickinson Microbiology Systems, Cockeysville, MD) at a dose of 0.5 mg/kg was given IV 30 minutes after the onset of vascular exclusion, and 3 mL of heparinized arterial blood was collected 20 minutes after dye injection. The ICG retention rate was determined with the use of a spectropho-tometer (Lambda; Perkin Elmer, Norwalk, CT) at a wavelength of 805 nm.
Hepatic tissue blood flow. HTBF was measured with use of a laser-Doppler flowmeter (Advance Laser Flowmeter, ALF21; Advance Company Ltd., Tokyo, Japan) before ischemia; 5, 30, 60, 90, and 120 minutes after ischemia; and 5, 15, 30, and 60 minutes after reperfusion. The measurements were repeated three times at three different lobes a~ each time point. The mean value of the measurements at respective time points was calculated and expressed as a percentage of the preischemic initial value. To avoid a misreading of HTBF measurements related to respiratory motion, we temporarily stopped the ventilator during the measurements.
Liver enzymes. Blood samples for assessment of the release of liver enzymes were collected serially before ischemia; just before reperfusion and at 5, 15, 30, and 60 minutes after reperfusion; 3, 6, 12, and 24 hours after reperfusion; and on postoperative days 2, 3,5,7,10, and 14. A Technicon RA500 autoanalyzer (Bayer, Tarrytown, NY) was used to determine serum levels of aspartate aminotransferase (AST), alanine aminotransferase, and LDH.
Total bile acid and hyaluronic acid. The blood samples for TBA and HA measurements were collected before ischemia, just before reperfusion, and 1, 3,6, 12, and 24 hours after reperfusion. The serum TBA level was measured by the enzymatic fluorimetric method with the Sterongnost-alpha Flu Kit (Nyegaad, Oslo, Norway).10 The serum HA level was determined by the sandwich-binding protein assay of Chichibu and colleagues. II High-energy phosphates. Wedge liver biopsies were performed before ischemia, at the end of ischemia, and 15 and 60 minutes after reperfusion. Half of the specimen was immediately stored in liquid nitrogen for tissue biochemistry analysis, and the rest was ftxed with buffered formalin for histopathologic analysis. Tissue levels of the adenine nucleotides ATP, ADP, and AMP were determined with a Waters highperformance liquid chromatography system (Model 510 pumps, Model 484 absorbance module, and Model 717 WISP system; Waters Chromatography Division, Millipore Corp., Milford, MA) at 254 nm (Waters Model 484, a tunable absorbance detector).12 Total adenine nucleotide (TAN) and energy charge (EC) were calculated with the following equations, respectivelyl3:
Histopathology. Formalin-fixed specimens were embedded in paraffin and stained with hematoxylin and eosin. Histopathologic analysis was performed by a single pathologist without knowledge of the groups or the timing of the tissue sampling. Histopathologic damage was assessed semiquantitatively based on the degree of sinusoidal congestion, sinusoidal cell derangement, hepatocyte injury, and hepatocyte necrosis, with each index scored as none = 0; mild = 1; moderate = 2; and severe = 3. The number ofinftltrated polymorphonuclear cells (PMNs) per 1,000 hepatocyte nuclei was counted by observing the tissues stained by Leder's method. 14
Statistical Analysis
The data for continuous measurements were expressed as mean ± SEM in each of the three study groups of dogs. The animals' survival rates were compared pairwise by Fisher's exact probability test. Intergroup analysis was performed using one-way ANOVA. When ANOVA showed a significant difference (p < 0.05), a post hoc test was used to determine the p values for each group. A two-sided p value < 0.05 was considered statistically signiftcant. These procedures were performed with the statistical program StatView (version 4.5; Abacus Concepts, Inc., Berkeley, CA) on a Macintosh computer (Apple Computer, Inc., Cupertino, CA).
RESULTS

General Conditions
Clinically, no bleeding tendency was observed in either the control or the treated animals throughout the procedure. The ICG retention rate was 94.82% ± 1.26%, 95.05% ± 1.33%, and 96.24% ± 1.15% in groups CT, LA, and FK, respectively, indicating the completeness of the total hepatic vascular exclusion.
Systemic Hemodynamics
Mean arterial pressures in groups CT and LA remained stable before ischemia. In contrast, remarkable hypotension developed in the animals treated with FK409, reaching the nadir within 10 minutes after the initiation of drug infusion (Fig. 1) . After the completion of preischemic FK409 administration, the blood pressure recovered rapidly and remained at a level similar to those in other two groups during the ischemic period. After reperfusion, serious hypoten- sion developed in all animals. Although the blood pressure was gradually elevated in group LA thereafter, significant hypotension was seen in groups CT and FK. Postreperfusion hypotension of group FK animals continued until the cessation of drug administration.
Hepatic Tissue Blood Flow The changes ofHTBF in each group are illustrated in Figure 2 . The preischemic drug administration induced no remarkable changes in HTBF, representing approximately 100% of the initial value. Despite the complete ischemia, we noted false-positive tissue Group CT, untreated control (n = to); group LA, treated with L-arginine (n = ;); group FK, treated with FK409 (n = ;).
*p < 0.0; versus group CT.
blood flow ranging from 8% to 11 %, which was due to limitations of the Doppler flow measurement technique. Immediately after reperfusion, all livers in group CT developed outflow block, characterized by conspicuous swelling, mottled reperfusion, and hard consistency. The HTBF of group CT animals was approximately 25% of the initial value throughout the observation. In contrast, all livers treated with L-arginine or FK409 demonstrated smooth and fast revascularization, with HTBF in the range of55% to 60%. The HTBF levels in groups LA and FK were two to three times higher than that in group CT throughout the reperfusion period.
Animal Survival The 2-hour warm ischemia of the liver was poorly tolerated by group CT animals, in which 7 of the 10 dogs died ofliver failure; 6 died within 24 hours after reperfusion and 1 on the second postoperative day. In contrast, all of the animals treated with L-arginine or FK409 survived for 2 weeks. The 2-week survival rates of groups CT, LA, and FK were 30%, 100%, and 100%, respectively (group LA versus group CT, and group FK versus group CT, p < 0.05 for each comparison).
Liver Function Tests Serum AST levels in control animals rose rapidly after reperfusion, reaching a peak value of 11,521 ± 1,014 U/Lat 12hours;peakASTlevelsin groups LA and FK were 3,593 ± 1,260 and 3,574 ± 1,154 U/L, respectively (Fig. 3) . Compared with the control group, AST levels in the treated groups were significantly lower from 3 hours after reperfusion until postoperative day 3. No substantial difference was found in AST levels between the treated groups. Serum levels of alanine aminotransferase changed similarly to those of AST (Table 1) . Serum LDH levels reached the peak value within 15 minutes after reperfusion and slowly declined thereafter. The elevation of LDH was markedly suppressed in groups LA and FK compared with group CT (Table 1) .
Total Bile Acid and Hyaluronic Acid Levels Serum HA levels exhibited two-phase changes, characterized by peaks at the end of ischemia and at 24 hours after reperfusion. Repeat elevation ofHA levels during the reperfusion period was significantly suppressed in groups LA and FK compared with group CT (Table 1) . Serum TBA levels rose similarly in all groups until 3 hours after reperfusion ( Table 1 ). The level in group CT animals rose progressively thereafter, but those of groups LA and FK animals gradually reverted to preoperative levels.
Energy Metabolism
Changes in the tissue levels of adenine nucleotides are summarized in Table 2 . Two hours of total hepatic vascular exclusion induced significant decreases in tissue ATP and ADP levels, with a concomitant rise of AMP and decrease in TAN. AMP and TAN in groups LA and FK remained at significantly higher levels than those in the control group at the end of ischemia, howeVer, suggesting the delayed decay of adenine nucleotides to purine catabolites during the ischemic period. Although high-energy phosphates were restored rather quickly in all groups after reperfusion, resynthesis of ATP, ADP, and TAN was more rapid and significant in the animals treated with L-arginine and FK409 than in those in the control group. The energy charge showed no significant differences at any time point among the groups.
Histopathology
Treatment with L-arginine or FK409 induced no evident histopathologic differences between the treated groups and the control group at the end of ischemia or 15 minutes after reperfusion. At 60 minutes after reperfusion, however, control livers were characterized by sinusoidal congestion, sinusoidal cell derangement, ischemic hepatocyte changes, and hepatocyte necrosis, all of which were significantly attenuated by the treatments (Fig. 4) . In particular, the degrees of hepatocyte necrosis and ischemic hepatocyte changes were remarkably lessened in the treated groups (Fig. SA) .
At the end of ischemia, no substantial changes were found in the number of infIltrated PMNs among the three groups. The PMN number in the control animals gradually and markedly increased after reperfusion, but the increases were significantly suppressed in groups LA and FK (Fig. SB) (n = 5); LA. group treated WIth L-argInine (n = 5), TAN. total adenIne nucleotldes.
nificant differences were seen in the number of infiltrated PMNs between the treated groups (Fig. 5B) .
DISCUSSION
This study showed that hepatic warm ischemia for 2 hours caused severe liver injury after reperfusion, resulting in a 70% mortality rate for control animals. In contrast, enhancement of NO by L-arginine and a novel NO donor, FK409, exhibited a remarkable alleviating effect on such injury. Pre-and postischemic administration of these agents allowed 100% survival of the animals, augmented HTBF, enhanced bile acid metabolism, and lessened hepatocyte damage. In addition, the treatments prevented the decay of high-energy phosphates during ischemia and accelerated ATP restoration after reperfusion. Histopathologic alterations were markedly attenuated by the treatments, with less PMN infiltration into postischemic liver tissues. NO is synthesized from NO synthases (NOS) through the L-arginine to L-citrulline pathway.15 NOS are classified into two different types: calciumdependent constitutive NOS and calciumindependent inducible NOS. 16 Constitutive NOS are located in vascular endothelial cells and produce an appropriate amount of NO in response to circulatory environments,17 but inducible NOS synthesize NO excessively when stimulated by certain cytokines or endotoxin. 18 NO has various biologic actions such as vasodilation (vascular smooth muscle relaxation) and inhibition of platelet aggregation; a mechanism for both involves the elevation of cyclic guanosine m~:nophosphate following soluble guanylate cyclase activation by NO. 19 • 20 NO also has inhibitory effects on the endothelium-neutrophil interaction, partially through down-regulation of the expression of adhesion molecules both on endothelium and neutrophils 21 • 22 and of the production of cytokines by inflammatory cells. 23 In the liver, NO has been reported to exert hepatic sinusoidal dilation and to improve the microcirculation of this organ by altering the morphofunctional activity of fat-storing (Ito) cells. 24 Our hypothesis in this study was based upon evidence that a decrease of NO production by injured endothelial cells through the attack of reactive oxygen species eliminate is one of the important mechanisms responsible for organ injury caused by ischemia and reperfusion. 25 We experimented with elevation of the NO level by using the NO precursor L":arginine and a novel NO donor, FK409. To our knowledge, this is the first report to demonstrate not only that NO enhancement reduced ischemia and reperfusion injury of the liver, but also that treatment with L-arginine and FK409 rescued all dogs from the grave ischemic insult that caused 70% mortality in control animals.
Shiraishi and associates 7 also demonstrated that portal injection of L-arginine at a dose of 10 mg/kg induced a temporal burst of intrahepatic NO after reperfusion and mitigated the injury of rat and porcine livers subjected to 1 hour of ischemia followed by reperfusion. On the other hand, by using an isolated rat liver perfusion model, Ma and colleagues 4 found that the inhibition of NO production by NW_ nitro-L-arginine methyl ester hydrochloride (L- NAME) attenuated liver injury after ischemia. Alternatively, Jaeschke and coworkers 5 observed no substantial effects ofL-NAME treatment on rat liver ischemic injury. Although the conflicting results between our study and the others might be due to differences in animal species, models, and agents tested, the data from our preclinical study in dogs reveal the manifest protective effects of NO against ischemia and reperfusion injury in the liver. Although the NO level was not determined directly in this study, we believe that L-arginine administration augmented NO production in sinusoidal endothelial cells. Mammalian vascular endothelial cells produce NO, L-citrulline, and water from L-arginine and oxygen as substrates through the participation of NOS. Little information has been available as to the quantity of NO production by the cells after exogenous L-arginine administration under normal conditions. 26 . 27 It has been proved, however, that once the cells are injured, they take up L-arginine preferentiallf8 and produce NO depending on L-arginine availability. 29 Kakumitsu and associatesl° reponed that exogenous L-arginine (30 g/body) selectively decreased the sinusoidal resistance and augmented the hepatopetal portal flow in cirrhotic patients who had deteriorated sinusoidal cells compared with healthy subjects, who also demonstrated increased urinary excretion of an NO metabolite, nitrate. Huk and coauthors31 demonstrated that the administration of L-arginine maintained NO production during reperfusion in a rabbit skel- (. etal muscle.ischemia model. In addition, the enantiomer of L-arginine (D-arginine), which has the same effect on humoral factors such as insulin and glucagon,'2 has been reported to have no effects on ischemia and reperfusion injury. 33 These facts suggest that L-arginine administration in our study exened its effects through enhanced NO production in the injured sinusoidal endothelial cells rather than through humoral effects. On the other hand, NO enhancement by FK409 administration is evident because the agent spontaneously releases NO in the blood at a linear ratio of 1: 1 between its degradation and NO formation.
FK409 is a novel semisynthetic product of Streptomyces griseosporeus that acts as an NO donor, characterized by the rapid release ofN 0 with a half-life of 6 minutes in canine blood. 9 .34.35 Both L-arginine and FK409 provided similar and comparable hepatoprotective effects in our model; however, these agents had different influences on systemic hemodynamic indices. L~arginine administration caused minimal systemic hemodynamic changes which was consistent with previous reports. 26 . 36 In contrast, FK409
caused transient but significant hypotension limited to the drug infusion period, even though this agent was given through the ponal vein. Although the exact mechanism remains unclear, this phenomenon might be attributable to differences in the magnitude of NO production and in the organ specificity between the agents because the injured sinusoidal en-dothelial cells are thought to take up L-arginine and to produce NO eliminate.
Mechanisms by which NO provided hepatoprotective effects against ischemia and reperfusion injury were not fully determined in our study, but several possibilities can be considered. First, it could be due to amelioration of the microcirculatory disturbance by the vasodilatory effect of NO. In this study, the treatments with L-arginine or FK409 restored postischemic HTBF to two-to three fold that of the control group. NO has been proved to regulate hepatic sinusoidal circulation through morphofunctional influences on Ito cells/ 4 rather than through a direct effect on portal or arterial vascular smooth muscle cells. Feletou and coworkers 37 showed that the canine portal mesenteric veins were insensitive to NO stimulation. Because NO has been shown to modulate other vasoactive substances such as endothelin 38 and prostanoids,39 NO-driven changes of these vasoactive substances might contribute, at least in part, to the improvement in the hepatic microcirculation after reperfusion .. Second, NO could exert hepatoprotective effects by inhibiting PMN adherence to the endothelium. PMNs, when adhered to endothelial cells and activated, have been demonstrated to aggravate liver damage by releasing myeloperoxidase, elastase, and proteolytic enzymes. 40 NO itself inhibits PMN adhesion in vitro. 41 Lefer and colleagues 42 also demonstrated that an NO donor, SPM5185, lessened PMN adhesion to the endothelium in a canine heart model, which is consistent with our observation that the treatments significantly reduced the number of PMNs in postischemic liver tissues. Because L-NAME, a NOS antagonist, inhibits NO production and up-regulates both P-selectin on the endothelium and integrins on PMNs, the reduced numbers of infiltrated PMNs in the treated groups in this study might have resulted from down-regulation of . the expression of adhesion molecules by augmented NO. 2 1.2 2
The third possible explanation for the alleviating effects of NO on liver ischemia and reperfusion injury relates to its superoxide scavenging property. Superoxide radicals are implicated as an initial and potential mediator of ischemia and reperfusion injury.2s Although it is also known that NO can combine with superoxide radicals to form the more highly toxic free radical species, peroxynitrite,43 peroxynitrite is unlikely to be involved in our model because a very high level of peroxynitrite (ie, at least 500 J.tmoIlL) is required to produ~e cytotoxic effects.« In this study, the NO level was estimated to be 1 X 10-7 mollL according to the pharmacokinetics FK409, which is ..5,000 times lower than the toxic level of peroxynitrIte. Most important, the presence of peroxynitrite has never been proved in an in vivo system. Finally, an alternative explanation for the beneficial effects of the treatments might involve energy metabolism. The treatments maintained energy metabolism at the end of ischemia and promoted its . restoration after reperfusion. NO modulates a key enzyme of the Krebs cycle (mitochondrial aconitase) and several mitochondrial electron transport cascades. 45 . 46 NO might act as an energy-sparing agent during ischemia. After reperfusion, the increase in HTBF by the treatments could contribute to the delivery of more nutrients and oxygen to the liver and improve the restoration of energy metabolism. Although the precise mechanism is not fully understood, favorable energy metabolism undoubtedly contributed to the better survival in the treated animals.
In conclusion, we demonstrated the marked hepatoprotective effects of L-arginine and FK409 against severe ischemia and reperfusion injury in canine livers. Both agents attenuated liver injury and rescued all animals from the critical insult. Although further studies are required to elucidate the exact mechanisms by which L-arginine and NO donors prevent ischemic liver injury, the supplementation of L-arginine, rather than FK409; appears to be a possible strategy in clinical settings because of its absence of adverse hypotensive effects.
